Ultra wideband (UWB) radio signals have gained significant attention for emerging medical applications. Communication with medical implanted sensors and actuators, biomedical radar, microwave imaging, and microwave hyperthermia are some examples of said applications. All these diagnostic and therapeutic methods necessitate the propagation of electromagnetic (EM) waves toward or from the human body. In such scenarios, a segment of the wave propagation path is inside the human body and the other segment is outside, i.e., in the free-space. This geometry creates an impedance mismatch between the two propagation environments, which results in inefficient power transmission of the EM wave. In order to improve the EM wave coupling to/from the body, a matching layer of dielectric material with the appropriate permittivity value can be used. This paper analyzes the effect of a single layer of dielectric material on the propagation of a UWB wave through the human chest in the 100-1000 MHz frequency range. Path loss models for different matching layer materials were obtained and a guideline for selecting the appropriate permittivity value is presented.
INTRODUCTION
Radio microwaves are used in a number of medical applications such as the communication interface for implanted medical sensors and actuators, medical radar, medical imaging, hyperthermia, etc. All these diagnostic and therapeutic methods necessitate the propagation of electromagnetic waves toward or from the human body. In such scenarios, a segment of the wave propagation path is inside the human body and the other segment lies in the free-space. Due to the significant impedance differences between the two propagation environments, namely human tissues and air, the power transmission of the electromagnetic (EM) wave is rather inefficient. In order to improve the EM wave coupling to/from the body, a layer of dielectric material with the appropriate permittivity can be applied on the skin of the patient; this dielectric material is referred to as a dielectric matching layer (or simply a matching layer). This procedure is analogous to ultrasonic transducers for medical imaging, in which the use of one or more layers of matching material on the patient's skin improves the efficiency and bandwidth of the device [1] . Similarly, the use of a dielectric matching layer for radio waves in biomedical applications can increase the depth the radio wave penetrates inside the human body. For instance, the use of a matching layer in radiometry and hyperthermia can improve the monitoring and focusing of signals for the target location inside the body [2] - [4] . Likewise, a matching layer can improve the image quality in microwave imaging [5] . Most of these applications of radio waves in medicine use narrowband (NB) signals. In this case, the frequency-dependent dielectric properties of the human tissues can be ignored and determining the appropriate permittivity for the material of the matching layer is relatively simple.
However, ultra wideband (UWB) technology has gained significant attention for the aforementioned biomedical applications in the last years. One of the biggest advantages of UWB with respect to NB is the high temporal resolution of the signals, which adds significant improvement to the system performance. For instance, UWB signals can provide tighter focusing on small areas for microwave hyperthermia [6] . In the same vein, the UWB medical radar can easily distinguish the different layers of tissues inside the body [7] , thereby improving the quality of the images obtained through it. It has also been demonstrated in [8] that the use of UWB for communications with a capsule endoscope can provide high data rate transmissions, which might enable the use of high definition (HD) video in real time. Nevertheless, recent studies of UWB signals propagating through human tissues have demonstrated that significant attenuation is expected as the depth increases [9] . Moreover, the material properties of the human tissues vary significantly with frequency; this fact cannot be neglected when using UWB signals. Hence, the human body behaves as a frequency-dependent dispersive propagation environment to UWB signals. This attenuation problem can be alleviated by using a dielectric matching layer. In a simple manner, it is expected that the matching layer increases the UWB signal strength for a given depth. However, due to the frequency-dependent dispersive propagation environment, the path loss scattering and the efficiency of the signal bandwidth can be affected; these effects have not been investigated in the literature.
Therefore, this paper presents a study of the dielectric matching layer for UWB signals propagating from the free-space into the human body. For this sake, a heterogeneous model of the human body was used for numerical EM computations. This anatomical model includes the frequency-dependent dielectric properties of the different human tissues by using the Cole-Cole model within 100-1000 MHz; this frequency band has big potential for UWB medical applications [10] . For simplicity, a plane wave scenario was simulated with a single layer lossless dielectric boundary condition applied on the chest area. Different materials were considered, the permittivity of which varied from 1 = r ε for the air to 70 = r ε for a highly dense dielectric material. The power of the propagating UWB signal was evaluated for various depths inside the chest and a path loss model was obtained for each of the different matching layers considered in the simulations. The implications of these results for selecting the appropriate dielectric material for the matching layer are thoroughly discussed.
The rest of the paper is organized as follows: Section 2 describes in detail the simulation scenario used in this study. Section 3 presents the results and a guideline for selecting the appropriate matching layer. Finally, Section 4 summarizes our conclusions.
SIMULATION SCENARIO
The simulation setup based on a heterogeneous anatomical model is illustrated in Figure 1 . This anatomical model is based on data from the Visual Human Project® of the National Laboratory of Medicine (NLM) [11] . In this model, the human body is represented by voxels with a spatial resolution of 1 mm. This resolution allows for the accurate representation of the shape of most of the internal organs. To use this model in the EM simulations, the voxels were classified according to their different dielectric material properties. Thirty-two different tissues with their respective dielectric parameters, conductivity and permittivity, were defined. Although the whole body can be used for the numerical computations required for this study, only the human torso was considered in our simulations. This was done in order to reduce the simulation time and memory consumption for the EM computations. In addition, our study considered wave propagation inside the chest only; hence, using the torso is an appropriate selection that prevents a replica of the wave to penetrate from the cut area of the model that might alter the received power calculations.
The body was exposed to an incoming plane wave from the front direction. Both electric and magnetic field probes were placed inside the chest arranged in a rectangular cube of 140 mm (waxis), 160 mm (u-axis), and 80 mm (v-axis). The probes were separated from each other a distance of 20 mm, 10 mm, and 20 mm in each axis, respectively. The total number of probes was 680 with 85 probes on each plane parallel to the skin (uv-plane). Due to the curvature of the torso, the probes had different distance to the chest surface (skin). The average depth from the skin to the first plane of probes was 20 mm. The probes were embedded in different tissues such as blood, heart, bones, cartilages, fat, lung, and muscles. The probes were frequency-independent isotropic radiating antennas with a defined polarization. It was assumed that the probe arrays did not have any mutual coupling. The electric-field probes were considered to be in co-polar mode with the polarization of the incoming wave, i.e., in the propagation direction into the body, whereas the magnetic-field probes were orthogonal to the electric ones. The boundary conditions for the torso were considered as perfect matching layer (PML), thus the wave reflections from the environment were ignored.
The EM simulation software used in our study was CST Microwave Studio®, which applies the Finite Integration Technique (FIT) to solve the integral form of the Maxwell's equations in the time-domain. This tool allows importing arbitrary voxel data sets. Hence, incorporating the anatomical model into this 3D simulation environment was straightforward. 
Dielectric Properties of Human Tissues
The frequency-dependent dielectric properties of the human tissues, permittivity and conductivity, were provided by Gabriel [12] based on the Cole-Cole model. However, incorporating the high complex material properties in the numerical simulations demands extremely long computational time [13] . Our own investigations [14] , [15] revealed that a simplified equation for describing the frequency-dependent complex permittivity of the human tissues can be obtained by using a second-order polynomial, which fits accurately Gabriel's data. This is given as ( )
where r ε ′ and r ε ′ ′ are defined as the real and the imaginary parts of the complex permittivity, ( ) ω ε r , respectively, ω is the angular frequency, and ∞ ε is the permittivity at infinite frequency. α 0 , β 0 , α 1 , β 1 are fitting parameters that were estimated for different tissue materials by fitting to Gabriel's four pole Cole-Cole data using Newton method and least square fitting. We have obtained the fitting parameters for the tissue materials found in the torso, namely blood, aorta, blood vessels, bones, cartilage, fat, intestine, nerves, liver, lung, marrow, muscles, skin, stomach, and ventricles. The approximation in (1) was incorporated in the EM simulations. We note, however, that the approximation in (1) is valid for the selected frequency band only, i.e., 100-1000 MHz, and not to the whole range of frequencies as proposed by the Cole-Cole model. Figure 2 and 3 show the frequency variation of the conductivity and permittivity for different human tissues, respectively. As shown, the dielectric properties are considerably different for different tissues. In addition, the material properties are highly frequency-dependent. This frequency dependency can distort the shape of any transmitted pulse through the human tissues, which behave as a frequency-selective attenuating channel; UWB signals are particularly prone to suffer from this effect. 
Simulation of the Matching Layer
In order to simulate the matching layer, the entire environment surrounding the torso was filled with a lossless dielectric material, i.e., the matching layer was assumed to be of infinite size. The simplest dielectric material is the air with a permittivity equal to 1; this case was considered as the propagation path without a matching layer. Other different permittivity values were used, namely = r ε 3, 5, 10, 20, 30, 40, 50, 60, and 70, for each of the different dielectric matching layer cases. The incoming plane wave was excited with a UWB Gaussian pulse with -20 dB spectral bandwidth (with respect to the peak spectrum value) covering 100-1000 MHz; Figure 4 depicts the transmitted pulse shape in the time domain whereas Figure 5 shows its power spectral density. The total energy of the incoming wave for all the simulations was normalized to unity, thus on the body surface the UWB signal energy had a constant value of 0 dB J/m 2 . 
RESULTS

Path Loss without a Matching Layer
The path loss is a measure of the average attenuation of a signal as it propagates from a radiation source to a receiving point. The total received energy at each probe was obtained by integrating the Poynting vector during an observation time interval. The Poynting vector,
, describes both the direction of propagation and the power density of the electromagnetic wave, and can be written as
where
are the electric and magnetic field, respectively. Due to the fact that the plane wave was polarized in the v-axis direction, the co-polar field intensity inside the body was significantly larger compared to the cross-polar field; this was verified through simulations. Thus, only y E and u H were calculated, which means that the power flow direction was along the w-axis. The UWB signal energy density, which was received inside the body at different depths from the body surface, was calculated by integrating the power density over the whole observation time; this time interval was sufficiently large to include 99% of the signal energy. Hence, the signal energy is given by delimit the time window of the received signal energy for the selected channels inside the chest. Although the probes were arranged in several planes that form a cubic shape as described previously, the contour of the chest surface was not a straight line. Therefore, the path loss at each individual probe was computed and plotted versus its actual depth from the skin. Figure  6 shows the path loss when no matching layer is applied on the torso, i.e., when the environment surrounding the torso is air with 1 = r ε . A depth-dependent equation was fitted to the obtained data. A simple power law function was a good fit for the average path loss (see solid line in Figure 6 ). The path loss variations around the average value are known as scattering. These variations are caused by the different material properties surrounding each probe. The statistical characterization of the scattering is necessary for the calculation of the link margin. As shown, the scattering increases with depth. For simplicity, the probability density function (PDF) of the scattering (in decibels) was approximated by a single function regardless of depth. The scattering can be modeled by a Gaussian distributed random variable (RV), N, with zero mean 0 = µ and standard deviation σ , i.e., ( )
. Hence, the expression for the propagation loss in decibels as a function of depth including the scattering term is given as
where d is the depth from the skin in millimeters ( 100
), a is a fitting constant with value 0.18, 0 d is the reference depth (1 mm), 0 L is the loss cross point (10.6 dB), and n is a path loss exponent with value 0.93. In this case, the scattering was modeled as ( ) 
Path Loss with a Matching Layer
Similarly, the path loss for the different dielectric materials used as a matching layer was computed in each case. Figure 7 shows the fitted curves for path loss versus depth for the different dielectric materials. As seen, by increasing the permittivity of the matching layer material the path loss is significantly reduced. For instance, for 5 mm depth the path loss without a matching layer is 11.8 dB, whereas this value is reduced to 8 dB
Furthermore, the value of path loss reduction can vary with depth for the different dielectric materials. In all these cases, the path loss can still be expressed by (4); however, the parameters must be modified according to the dielectric material used. Table 1 summarizes the parameter values for path loss and scattering for the different permittivity values of the matching layer. Figure 7 can be depicted in a way that highlights the effects of permitivity. Hence, Figure 8 shows the path loss versus both depth and permitivity. In this figure one can see more clearly the saturation of the path loss as the permittivity increases. In order to provide a guideline for the selection of the appropriate permittivity of the material for a single matching layer to be used in a specific biomedical application that requires the EM waves reaching properly certain depth, we define a compression level, 0 P , which is the number of decibels below the maximum path loss (saturation value) for the given depth. The compression level can be viewed as a target improvement in path loss. We considered several values for 0 P , namely = 0 P 1, 2, 3 and 4 dB; the vertical curves in Figure 7 correspond to each of these values and help to select the adequate permittivity for a given depth and compression level. For example, if a medical application requires reaching a depth of 70 mm and a compression level of 1 dB is set as a target, the dielectric material for the matching layer must have 
Selecting the Appropriate Material
CONCLUSIONS
In this paper we have investigated the effects of a dielectric matching layer applied on the human chest on the path loss suffered by an ultra wideband electromagnetic wave propagating from the outer to the inner body. Our simulations have evidenced that a matching layer of dielectric material with a permittivity value larger than 1 reduces the propagation loss suffered by the electromagnetic wave. This reduction of path loss can reach up to 10 dB, but in most cases the improvement is below this value and it depends on the depth inside the chest and the permittivity of the matching layer material. An interesting finding is that above a certain value of permittivity, approximately 20 ≈ r ε , only a marginal reduction of the path loss is obtained with higher values. Therefore, we provided a guideline to obtain the adequate permittivity value for a target depth and for a target path loss reduction. This is an important contribution that can greatly help designers of biomedical devices that use ultra wideband signals in the 100-1000 MHz frequency range.
The continuation of this work will focus on the effects of the matching layer on the effective bandwidth of the propagating electromagnetic wave. Our recent research has demonstrated that the frequency-dependent properties of the human tissues impact negatively on the effective bandwidth of the system, i.e., the effective bandwidth of the ultra wideband signal is reduced as frequency and depth increase. We hypothesize that the use of a matching layer counters this negative effect. It is also desirable to provide a mathematical expression for the computation of the adequate permittivity value instead of the graphic we presented herein. Frequencies above 1000 MHz have to be investigated too. Clearly, much remains to be done.
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